A number of S-substituted glutathiones and the corresponding N-substituted Ssubstituted analogues have been found to be linear competitive inhibitors of yeast glyoxalase I at 26°C over the pH range 4.6-8.5. N-Acetylation of S-(p-bromobenzyl)glutathione weakens binding by 13.7-fold, N-benzoylation by 25.6-fold, N-trimethylacetylation by 53.3-fold and N-carbobenzoxylation by 7.8-fold, indicating a minor steric component in the binding at the N-site. The K,-weakening effect of N-substitution of glutathione depends on the chemical nature of the S-substituent, indicating flexibility in the glutathione and/or glyoxalase I contributions to the binding site for glutathione derivatives. The effect of N-acylation on K, is in accord with a charge interaction of the free enzyme with S-blocked glutathione in a region of reasonably high dielectric constant. There is a slight pH effect on Ki for S-(m-trifluoromethylbenzyl)glutathione but not for S-(p-bromobenzyl)glutathione.
The glyoxalase system, discovered in 1913 (Dakin & Dudley, 1913a,b; Neuberg, 1913) , consists of two enzymes and glutathione (GSH). Glyoxalase I (lactoylglutathione lyase, EC 4.4.1.5) converts the hemithiolacetal formed between GSH and methylglyoxal or other a-oxoaldehydes into S-lactoylglutathione etc. (Racker, 1951) . This thioester is then hydrolysed under the catalytic influence of glyoxalase II (hydroxyacylglutathione hydrolase, EC 3.1.2.6):
GSH GS
Glyoxalase I + H-C-OH CH3COCHO COCH3
In the glyoxalase I reaction, S-D-lactoylglutathione is produced stereospecifically Mannervik, 1980) by selective reaction of one of the diastereomeric forms of the hemithiolacetal substrate (Brown et al., 1981) .
Nevertheless, little is known of the normal physiological role(s) of the ubiquitous (Mannervik, 1980 ) glyoxalase system, although a variety of suggestions have been made, including functions in the enhancement of anti-(immunoglubulin E)-induced histamine release (Gillespie, 1979) , cell proliferation (the retine-promine hypothesis of Szent-Gyorgyi, 1968) and microtubule assembly (Gillespie, 1975 (Gillespie, , 1978 . The a-oxoaldehyde coAbbreviation used: GSH, reduced glutathione. * To whom requests for reprints should be addressed.
substrates are markedly cytotoxic and thus a protective function against intestinal bacteria has been ascribed to glyoxalase I (Aronsson & Mannervik, 1977) . The glyoxalase system has also been suggested to be involved in a postulated cycle for the degradation of glycine and threonine, as methylglyoxal is a deamination product of aminoacetone
OH (Elliott, 1958; Urata & Granick, 1963) . The demonstration that y,5-dioxovalerate is a competent substrate for glyoxalase, being converted into Da-hydroxyglutarate, has led to a suggested connection with the haem-biosynthetic pathway (Jerzykowski et al., 1973) .
The reaction catalysed by glyoxalase I is an internal redox process, which for some time has been regarded as an enzymic analogue of the Cannizarro reaction. However, recent evidence (Hall et al., 1976 (Hall et al., , 1978 Kozarich et al., 1981; Chari & Kozarich, 1981) has been more in favour of the 1,2-proton-shift enediolate mechanism originally proposed by Racker (1951) rather than a hydride transfer (Rose, 1957; Franzen, 1956 Our interest in the enzyme stems from many reports that glyoxalase I inhibitors often possess significant anti-cancer activity, sometimes lost in vivo (Vince & Daluge, 1971; Lyon & Vince, 1977; Vince et al., 1973; Takeuchi et al., 1975; Chimura et al., 1975; Kurasawa et al., 1975; lio et al., 1976) . The enzyme is also of interest in the study of glutathione binding sites, many examples of which have evolved over the years.
It is known from studies with S-blocked glutathiones (Vince et al., 1971) that there is an extensive hydrophobic binding site which we shall call the 'S-site') in the approximate region of the a-oxoaldehyde side chain component of the substrate (see Scheme 1). Little detailed analysis is available of the region on the enzyme which would be close, perhaps bound, to the N-terminus of the GSH moiety of the substrate (the N-site). It has been suggested, on the basis of [1150 (concentration of inhibitor causing 50% inhibition) values for some N-acetyl derivatives, but without detailed inhibition studies (Vince et al., 1971) , that a free amine site is not essential, but does contribute to binding of S-blocked inhibitors. One cannot assume competitive binding of N-blocked GSH analogues on the basis of the competitive inhibition observed for some S-blocked glutathiones (Marmstal & Mannervik, 1979) , as S-blocked cysteinylglycine residues with N-glutaryl and N-c-aminopropionyl groups exhibit non-competitive inhibition (Lyon & Vince, 1977) and S-(c-aminoalkyl)glutathiones showed mixed inhibition (Kester et al., 1974) . N-Acetylglutathione can substitute as a substrate for GSH with glyoxalase I with no change in Vmax but an increase in Km (Van der Jagt & Han, 1973) .
To clarify further the nature of the N-site we have undertaken detailed inhibition studies for a number of N-acylated S-blocked glutathione derivatives with yeast glyoxalase I.
Experimental Materials
Glyoxalase I (grade IV from yeast) and substrates were purchased from Sigma Chemical Co.
Methylglyoxal was purified by removal of acidic contaminants by ion-exQhange chromatography, and stock concentrations were determined by a modification of the method of Bergmeyer (1974) .
Enzyme stock solutions contained 0.1% bovine serum albumin as stabilizing agent (Racker, 1951) . Substrate stock solutions were prepared fresh daily and kept on ice. N-acylated S-(substituted-benzyl)-glutathiones were prepared by dimethylaminopyridine-catalysed acylations of the respective Sblocked glutathione. They were purified by combinations of recrystallization and Sephadex LH-20 chromatography. Structures were confirmed by n.m.r. spectroscopy. Full analytical and synthetic details are given in the Appendix.
Methods
Enzyme assay. The enzyme assay was carried out (250 C, 10 mm-pathlength cuvettes, 0.05 Mphosphate buffer, pH 6.60) as follows. For each assay, the cuvette contained appropriate amounts of GSH and methylglyoxal [i.e. arranged to minimize the levels of inhibitory (Bartfai et al., 1973) free GSH present in the medium] in a total volume of 3.0ml, along with inhibitor etc. as appropriate. The components were kept together at 250C for 5-8 min to ensure complete equilibration to hemithiolacetal.
Addition of enzyme led to an increase in A 240' which was used to monitor the kinetics of the reaction.
Determination of Ki etc. Hemithiolacetal concentrations present in the equilibrated mixture of GSH and methylglyoxal were calculated by using a value of 3.1 mm for the dissociation constant of the hemithiolacetal at pH 6.60 (Vince et al., 1971 Stock inhibitors were prepared in purified dimethyl sulphoxide; final concentrations of this co-solvent in assay media were kept to .1% (v/v) at which value there is no detectable rate effect in the assay of yeast glyoxalase I.
Results
In agreement with previous reports for S-blocked glutathiones (Marmstal & Mannervik, 1979) we have found that S-(p-bromobenzyl)-, S-(carbobenzoxy)-and S-(m-trifluoromethyl)-glutathione are linear competitive inhibitors of yeast glyoxalase I at pH6.60, 25°C. As can be seen from Fig. 1 , both Lineweaver-Burk and Dixon criteria support this interpretation of these experimental data. The K1 value determined from the Dixon plot was 10.1 + 2.3 gM.
We also found linear competitive inhibition of yeast glyoxalase I at pH6.60, 250C by the N-acyl S-blocked glutathiones 2-6 and 9 (for example, see Fig. 2 ; numbering of glutathiones as in Table 1 ). Again internal agreement in K1 values calculated from the Dixon and Lineweaver-Burk plots was good. Values of K1 for a number of derivatives are collected in Table 1 . These K1 values were calculated, as described above, by using the Dixon plot.
The dependence of K1 on pH was determined for S-(m-trifluoromethylbenzyl)glutathione and for Nacetyl-S-(p-bromobenzyl)glutathione with yeast glyoxalase I at 250C. The results are summarized in Table 2 . As can be seen for N-acetyl-S-(p-bromobenzyl)glutathione agreement is good between Lineweaver-Burk [(Km)app. replot] and Dixon methods of K1 determination, again arguing for the applicability of the linear-competitive-inhibition equation for N,S-blocked glutathiones. The K, data for compound (see Table 1 ) 2 (Dixon analysis) are plotted in Fig. 3 as a pH profile. There is a slight, but significant (relative to the error bars shown), The K, values and error bars are from Table 2 (Dixon-plot procedure). values weakly reflect an ionization of pKapp in the region of pH 6-7, but the data do not warrant the drawing of a theoretical ionization curve through them. There appears to be no detectable pHdependence of K1 for compound 8, the mean Ki over the pH range studied being 1.32 (+0.37) x 10-5M (data from Table 2 ).
Discussion
From the results in Table 1 and Fig. 2 , acylation of the N-terminus of S-blocked derivatives of GSH does not destroy binding to glyoxalase I, in agreement with previous results (Vince et al., 1971; Van der Jagt & Han, 1973) , which were limited to N-acetyl substitution. Vince et al. (1971) reported that N-acetylation of S-hexyl-, S-n-propyl-and S-(p-bromobenzyl)-glutathione increased [I115 values by 5-8-fold, but did not report detailed inhibition kinetics. The present report of linear competitive inhibition for compounds 2-6 and 9 (Table 1) indicates that these molecules probably bind to the same site as simple S-blocked glutathiones, most likely the active site, unless glyoxalase I [monomeric (Marmstal et al., 1971) from yeastl is flexible. Comparison of compound 1 with compound 2 indicates that, for yeast glyoxalase I, the K, value is raised some 13.7-fold by Nacetylation. Van der Jagt & Han (1973) have shown that, at pH 7.0, Vmax is unaltered by N-acetylation of the GSH co-substrate. In contrast, Km values increased on N-acetylation by 5-10-fold, depending on the nature of the a-oxoaldehyde co-substrate (Van der Jagt & Han, 1973) . More detailed analysis of these effects is difficult because of the nature of some of the parameters reported (e.g. Km need not reflect binding). The K1 comparisons of Table 2 clearly reflect binding phenomena. On N-acylation of an S-blocked glutathione the N-terminus is considerably changed sterically and its charge is changed (if the PKa of the a-amino site of GSH is not significantly altered on binding to glyoxalase'I).
Thus compounds 1, 7 and 8 probably bind as the -NH3+ form, in contrast with the N-neutral binding of compounds 2-6 and 9. The steric effect can be gauged approximately by the change in K1 on going from -NHCOCH3 (2) to -NHCOC(CH3)3 (4); binding is weakened by this considerable steric change by only 3.9-fold, whereas the charge is not changed. Comparing compound 2 with compound 3 binding in that, to some extent at least, effects at the S-site are reflected at the N-site. There has been discussion of potential flexibility of monomeric yeast glyoxalase I (Marmstal & Mannervik, 1979 .
The gradual increase in Ki as N-substitution changes from CH3CO-, to PhCO-to (CH3)3 *CCO-agrees with a minor steric effect at the N-site, although this is small. This effect operates in the opposite sense to hydrophobic binding. The N-substituted derivatives probably bind with the N-acyl groups protruding into solution, as in this case the size of the N-substituents would be relatively unimportant. There must be, however, a binding site of some description for the NH3+-group of the substrate, as K, is reduced significantly on N-blocking for various structural effects at the S-site [cf. also compound 6 with compound 7, compound 8 with compound 9 and the data of Van der Jagt & Han (1973) ]. Also, omitting the a-NH3+
group from S-(p-bromobenzyl)glutathione, compound 1, changes inhibition type from competitive for compound 1 (Marmstal & Mannervik, 1979) to non-competitive (Lyon & Vince, 1977) and changes K1 from 1.8 x 10-6M to 3.2 x 10-4M. In this noncompetitive case, it was suggested that there were two binding sites (Lyon & Vince, 1977) . The simpler 14-fold decrease in linear competitive binding strength for N-acetylation can be interpreted in terms of a single site. For an electron and proton separated by 0.33nm (3.3A) in water, the interaction energy is 5.4kJ . mol-(-1.3kcal-mol-h) (Fersht, 1977) and is greater as the local dielectric constant (D) decreases. The difference in binding free energies of N-acetylated (compound 2) and NH3+-free (compound 1) inhibitors, using AAG = 2.303RT ApK,, where ApK, is the log of the ratio (-14) of K, values (see Table 2 ), is estimated as -6.3kJ.mol-h at 250C. This agrees with surface electrostatic binding at the N-site with a high local dielectric constant.
The results for S-(m-trifluoromethylbenzyl)glutathione (Table 2) show K, values to be pHindependent, within experimental error, standing in contrast with the slight pH-dependence of K, values for the N,S-substituted derivative (compound 2).
S-(p-Bromobenzyl)glutathione also has a pHindependent Kp, but porphyrins inhibit glyoxalase I with a marked pH effect (K. T. Douglas and J. Ghotb-Sharif, unpublished work). In view of the significant effects of pH on Vmax /Km ( Van der Jagt & Han, 1973) 
